Integration of organic and inorganic material is a promising method for obtaining unusual functional material. Recently, we developed a new fabrication method through a combination of LangmuirBlodgett (LB) and selfassembled monolayers (SAMs) techniques. Using this method, an enzyme of glucose oxidase was chemically bonded with -COOH terminal group of SAM. After that, Prussian Blue nanoclusters were electrostatically immobilized in the octadecyltrimethylammonium LB film. The amperometric glucose biosensor prepared with this method showed a stable linear relationship and a high stability of the sensor performance depending on the glucose concentration at a low potential range. It was found that the current density was affected by the molecular aliphatic chain length in the SAMs layer.
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INTRODUCTION
In the past few years, biosensor has been a hot topic for the increasing consciousness of environment or food safety [1] . Immobilization of enzymes such as glucose oxidase (GOx) is widely used in biosensors [24] and more recently in enzyme based biofuel cells [5] . Many strategies have been performed for enzyme immobilization including physical adsorption [6] , covalent binding [7] , electrochemical deposition [8] and entrapment method [9] . The purpose of these is to immobilize the enzyme in a highly active state to make the biosensor show a good performance in sensitivity, linear relationship and stability.
Integration of organic and inorganic material is a promising method for obtaining unusual functional biosensor. This system will solve some uptodate problems. The classical method of an amperometric sensor based on an oxidative enzyme requires a high potential of applied voltage around 0.6 V (vs. Ag/AgCl) to detect the electrochemical oxidation process of H 2 O 2 produced by the enzymatic activity. But in this range, the current is easily interfered by other chemical species, such as ascorbic acid, urea or other oxidative species. In the last ten years, many groups were interested in studying Prussian Blue (PB) involved in the optimization of amperometric biosensors, since the combination of PB and oxidative enzyme was found to be an advantage to enhance the accuracy of the measurement. PB works as an excellent catalyst for H 2 O 2 and is capable of monitoring H 2 O 2 concentration at a low potential range around 0.0 V [10] (vs. Ag/AgCl). The biosensor based on the hybrid system of PB/oxidative enzyme can avoid or greatly reduce the interference current from coexisting substances.
We have prepared the hybrid system composed by PB and glucose oxidase (GOx) in ultrathin form by LangmuirBlodgett (LB) film technique [6] . In order to improve the biosensor stability, we employed the chemical bond [11] , which is much stronger than electrostatic force [6] , to immobilize GOx to the hybrid system. For the establishment of chemical bond with GOx, we used selfassembled monolayers (SAMs), since SAMs have been widely used as platform for the study of enzyme immobilization, protein adsorption and cell adhesion due to their simplicity and flexibility [1214] .
In our recent research, we tried to build the biosensor structure in which SAMs layers are terminated with GOx and covered by LB films containing nanosize PB clusters. In this system, GOx was attached covalently via amide bonds to the top of SAM layer, being much firmly immobilized than that with electrostatic force. Following this method, we have successfully obtained a new glucose sensor working at the applied potential of 0.0 V (vs. Ag/AgCl) with a wide linear range of glucose concentration that exhibits a high stability of the biosensor performance. Through comparative studies with different molecules for SAM, we have found that biosensor performance was greatly affected by the molecular aliphatic chain length in SAM layer.
EXPERIMENTAL
The glass plates (Corning Eagle 2000), on which an Au layer (3000 Å) superposed onto a Cr layer (800 Å) was deposited by vacuum evaporation, were employed as substrates. The sensing area of the substrate was 0.28 cm 2 . The substrates were successively ultrasonically rinsed with piranha solution (a mixture with 1:3, v/v of 30 % H 2 O 2 and 98 % H 2 SO 4 ) for 2 minutes, washed by pure water and dried with nitrogen gas.
The substrate with covalently bonded GOx was prepared through a series of chemical reaction (Fig. 1) . We examined two kinds of COOH terminated SAMs: 3mercaptopropionic acid (C 3 H 6 O 2 S, MPA) and 11mercaptoundecanoic acid (C 11 H 22 O 2 S, MUA). These SAMs were prepared as follows. Firstly, the clean gold substrates were immersed in a 30 mM MPA (or MUA) solution in EtOH for 24 h at room temperature. Secondly, the substrates were rinsed by EtOH to remove the unreacted MPA. Finally, they were rinsed by pure water and dried with nitrogen gas. For this step, the samples were named as AuMPA (or MUA).
The COOH terminated group of AuMPA (or MUA) SAM was activated by immersion for 1.5 h in a mixed pH = 5.5 phosphate buffer solution containing 30 mM 1ethyl3(3dimethylaminopropyl) carbodiimide (EDC) and 15 mM Nhydroxysuccinimide (NHS). After the activation step, the substrates were immediately immerged in a 5 mg/mL GOx for 12 h at room temperature. Then it was followed by a washing step by phosphate buffer solution and pure water, and dried by nitrogen gas. For this step, the samples were named as AuMPA (or MUA)GOx.
The LB films [6, 15] were prepared as below. Spreading solutions of octadecyltrimethylammonium (ODTA) (9.2 × 10 4 mol/L) were prepared from chloroform (spectroscopic grade, Dojin, Japan) and were kept at 18 ℃ between experiments to avoid solvent evaporation. An appropriate amount of the ODTA solution was gently spread onto a 1×10 5 mol/L PB solution with a microsyringe. The spread ODTA molecules, which were easily be positive charged, were laid on the PB solution surface for 50 min to enhance the adsorption with negatively charged PB by electrostatic force. Then they were compressed by a movable barrier to prepare LB films. For the LB film preparation, the surface pressure was fixed at 23 mN/m, because of the higher stability of Langmuir film on the water surface and the consistency of transfer ratio for LB deposition. Details of the film preparation process were described in the previous report [6] . The Ztype LB films (transfer on the upstroke only) were obtained by the vertical deposition method. During the dipping cycles, the substrate was allowed to dry in air for 20 min. For this step, the samples were named as AuMPAGOxPB LB film. Electrochemical amperometric measurements were performed with an ALS/CHI model 701B electrochemical analyzer. A conventional threeelectrode system was used for the measurement: a Pt wire was employed as the auxiliary electrode, an Ag/AgCl electrode as the reference electrode, and the AuMPA (or MUA)GOxPB LB films were used as the working electrode. The measurements were performed in a phosphate buffer solution containing 0.1 mol/L KCl and 0.05 mol/L KH 2 PO 4 adjusted by 1 mol/L KOH solution. For the amperometric experiments, the potential of the LB films was held at the operating value (around 0.0 V vs Ag/AgCl) for about 40 min before the measurements, which allows the background current to achieve a steady state.
Cyclic voltammograms were carried out using the same electrochemical analyzer described above. For this experiment, we employed an Au electrode (φ 3 mm). The experiments were performed in a solution of 2.5 mM K 3 Fe(CN) 6 and 100 mM KCl solution at room temperature. Potential range was from 0.3 V to 0.65 V. Scan rate was 100 mV/s.
The infrared reflectionabsorption spectroscopy (IRRAS) measurements were performed using Nicolet 6700 FTIR equipped with an FT80 RAS attachment. The spectra were recorded under a fixed incident angle at 80º from the normal to the surface. All the IRRAS measurements were carried out in N 2 atmosphere.
RESULTS AND DISCUSSION
To investigate the surface modification process, IRRAS spectra were recorded for the samples of AuMPA and AuMPAGOx. Fig. 2 shows the IRRAS spectra obtained from AuMPA and AuMPAGOx. For the AuMPA, two characteristic absorption peaks of carboxylic acidterminated group were observed. An absorption peak at 1724 cm 1 is related to the C=O stretch of carboxylic acid group (COOH). The peak observed at 1415 cm 1 is attributed to the absorption corresponding to symmetric carboxylate (COO  ) stretch. These observations are consistent with previous study on COOH terminated SAM on Au [16] . Thus the appearance of these absorption peaks promises the MPA SAM formation. Moreover the observation of the latter peak indicates that a number of the MPA molecules are in the deprotonated form. Further characterization with GOx was performed; the two prominent peaks appeared at 1666 cm 1 and 1545 cm 1 in the spectrum of AuMPAGOx. These absorption peaks were attributed to the characteristic absorption structures of amid bond: the peak at 1666 cm 1 corresponds to the C=O stretching mode of amid (amide I band) and the absorption at 1545 cm 1 corresponds to NH bending mode (amide II band) [3] .
Amid bonds were only included in GOx molecule in the present system. Hence, the observation of these peaks indicates that a chemical grafting of GOx onto MPA surface was accomplished through the EDC/NHS activated reaction process. Fig. 3 shows the cyclic voltammograms (CV) of bare Au electrode, AuMPA, and AuMUA measured in a reversible redox couple [Fe(CN) 6 ] 3/4 (1 : 1) solution. Compared with the CV of bare Au electrode, the Faradaic current decreased when MPA (or MUA) SAM was formed on the electrode surface. The observed current reduction corresponds to the insulating property of MPA (or MUA) SAM that blocks the redox couple to approach the Au electrode surface. The current reduction also provided evidence that the SAM layer of MPA (or MUA) had formed successfully. Also we found that the current of AuMUA was significantly suppressed in comparison with that of AuMPA. In the view of molecular structure of MPA and MUA, the change is induced by the aliphatic chain length of the SAM. Thus the observed small peak current of AuMUA indicates a highly insulating property [17] of the long aliphatic chain. The atomic force microscope (AFM) measurements were carried out for Au and after the GOx were immobilized onto the sample (AuMPAGOx) (Fig. 4) . For the Au substrate, although it was not smooth and planar, no GOx could be seen. After a series of reactions, the immobilization of GOx was successfully performed. The size of GOx particles was about 20 nm, which is consistent with the reference [18] . AuMPAGOx and AuMUAGOx (Fig. 5) . It was found that the absorption peaks originating from GOx (Amid I, Amid II and Amid A) showed almost the same intensity for both samples. The similarity of the peak intensity indicates the same amount of immobilized GOx in both samples. Consequently, we can conclude that the quantity of the GOx immobilized onto both samples is almost the same. For the amperometric measurements, it is well known that the glucose biosensor performance is affected by the buffer's pH and detection potential. In order to optimize the buffer's pH for the amperometric measurement, we performed the measurement in different buffer solutions (Fig. 6a) . The current densities of two samples went up with the increase of buffer's pH. It reached a maximum in pH = 7 buffer solution and was followed by a decrease at pH = 8. Optimization of the potential was also performed for both samples (Fig. 6b) . It was found that the potential of 0.0 V (vs. Ag/AgCl) gave the maximum current density. Accordingly, the best experimental conditions for amperometric measurement are pH = 7 buffer solution and 0.0 V (vs. Ag/AgCl) of applied potential. We used these parameters in the following measurements.
Although two samples show the same tendency in the condition optimum measurement, the current density of AuMUAGOxPB about 7 times smaller than that of AuMPAGOxPB. Such small current density is attributed to the highly insulating property of long aliphatic chain. This is because the amount of immobilized GOx was confirmed to be the same in both samples from IRRAS measurement and the only difference between two samples is the length of the aliphatic chain. Thus the observed difference in current densities between the samples was induced by the aliphatic chain length in SAM layer. Fig. 7 shows the calibration plot for the glucouse biosensor of AuMPAGOxPB and AuMUAGOxPB. A good linear relationship in the range of 012 mmol/L was clearly observed. Both samples had lifetimes about 2 weeks. Thus we can conclude that the glucose biosensor made in this method had enough stability. 
CONCLUSION
We prepared a new glucose biosensor based on organicinorganic hybrid system using the combination method of SAM and LB techniques. GOx is successfully linked to the top of COOH terminated SAM through the EDC/NHS activated reaction. The sample covered with the PB containing LB films showed a clear glucose biosensor action at the low potential range (0.0 V vs. Ag/AgCl). The obtained glucose biosensor in this method is characterized by a wide linear range of glucose concentration and an excellent stability of biosensor performance. The response current density to glucose concentration in the amperometric measurement is significantly affected by the aliphatic chain length of SAM layer. The current density decreased with longer aliphatic chain length of SAM.
